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A Mechanism for Sensing Noise Damage
in the Inner Ear
(Figure 1A). To determine whether release of ATP was
necessary for generation of the intercellular calcium
wave, we measured [Ca2]i in the presence and absence
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the damage site showed that under control conditions,London, WC1E 6BT
United Kingdom the wave extended up to 160 m. Apyrase reversibly
restricted wave spread to the first 40–80 m. Beyond 402 Venetian Institute of Molecular Medicine
via Orus 2 m, the amplitude of the [Ca2]i signal was significantly
attenuated compared to controls (p  0.01, Figure 1C).35129 Padova
Italy The wave propagated at a uniform and constant speed
of 13 m s1 across the epithelium (n  8, Figure 1D).3 Department of Physics
University of Padova Our data show that release of ATP from the damaged
hair cell was required for Ca2 wave propagation. A keyvia Marzolo 8
35132 Padova question concerning intercellular Ca2 waves is whether
simple diffusion from a localized source of extracellularItaly
ATP could account for the observed wave characteris-
tics [5]. To address this, we modeled the diffusion of
ATP into a 3-dimensional hemispace, assuming that the
Summary epithelial surface acts as an impermeable barrier to ATP.
Furthermore we assumed an instantaneous source
Our sense of hearing requires functional sensory hair equivalent to a 10 m diameter hair cell with an initial
cells. Throughout life those hair cells are subjected to ATP concentration of 2 mM (see Supplemental Data).
various traumas, the most common being loud sound. We then tested this model against experimental mea-
The primary effect of acoustic trauma is manifested surements of the distance covered by the diffusion
as damage to the delicate mechanosensory apparatus wavefront as a function of time (Figure 1D). The model
of the hair cell stereocilia [1]. This may eventually lead failed to reproduce experimental data irrespective of the
to hair cell death [2] and irreversible deafness [3]. Little value chosen for the ATP diffusion coefficient over a
is known about the way in which noxious sound stimuli range from 5–240m2 s1. At odds with the experiments,
affect individual cellular components of the auditory the model predicted a monotonic reduction of wave
sensory epithelium. However, studies in different speed with spread over the range of distances covered
types of cell cultures have shown that damage and by the actual Ca2 wave. We conclude that in the mam-
mechanical stimulation can activate changes in intra- malian cochlea, the spread of damage-induced intercel-
cellular free calcium concentration ([Ca2]i) and elicit lular Ca2 waves cannot be accounted for by passive
intercellular Ca2 waves [4]. Thus an attractive hypoth- diffusion of ATP. Therefore some kind of regenerative
esis is that changes in [Ca2]i, propagating as a wave mechanism capable of maintaining a uniform and con-
through support cells in the organ of Corti, may consti- stant propagation speed is required. An attractive possi-
tute a fundamental mechanism to signal the occur- bility, compatible with results described here, involves
rence of hair cell damage. The mechanism we describe a calcium-activated ATP release mechanism that utilizes
here exhibits nanomolar sensitivity to extracellular extrajunctional connexin hemichannels [6].
ATP, involves regenerative propagation of intercellular When a laser was used to ablate hair cells, similar
calcium waves due to ATP originating from hair cells, intercellular Ca2 waves were observed (Figure 2A and
and depends on functional IP3-sensitive intracellular see Movie 1). Ablating outer hair cells also triggered
stores in support cells. [Ca2]i oscillations in a row of presumptive Hensen’s
cells close to the damage site (Figure 2B). To confirm
that extracellular ATP could elicit [Ca2]i changes in sup-Results and Discussion
port cells, thereby mimicking the effect of mechanical
damage or laser ablation of hair cells, we applied a range
To study damage-related signaling processes in a whole
of ATP concentrations (Figure 2C and see Movie 2).
auditory organ context, we used live imaging in a culture
At 50 nM, exogenous ATP elicited an almost identical
preparation of the rat cochlea. While monitoring changes
oscillatory pattern to that seen during laser ablation,
in [Ca2]i, we damaged hair cells by causing selective with a frequency of 3 per min (period of 20 s) in both
mechanical trauma with a micropipette. Mechanical ma-
cases (Figures 2B and 2C). A fit to pooled data (mean
nipulation elicited an intercellular Ca2 wave that spread standard error, n  3–11 experiments, 25–40 cells per
from the site of damage to the surrounding support cells experiment) with a logistic curve (solid line in Figure 2C)
yielded an EC50 for the peak ATP-induced Ca2 response
of 23 nM, with a Hill coefficient of 1.8. We also observed*Correspondence: j.e.gale@ucl.ac.uk (J.E.G.), fabio.mammano@
unipd.it (F.M.) oscillations in response to 50 nM UTP (Supplemental
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Figure 1. Intercellular Ca2Waves Elicited by
Mechanical Damage to a Single Hair Cell in
the Organ of Corti
(A) Control.
(B) Block of wave propagation by 40 U apy-
rase (15 min). Scale bar, 50 m.
(C) [Ca2]i changes measured in annuli cen-
tered on the damage site; control, gray bars
(n  5); 40 U apyrase, burgundy bars (n  6);
wash, gold bars (n  6). Significant differ-
ences: p  0.05 (*) and p  0.01 (**).
(D) Comparison of measured wave speed
(closed gray circles, fit with linear regression,
slope 13 m s1) to data obtained by model-
ing ATP diffusion from a point source with
diffusion coefficients ranging from 5 to 240
m2 s1 (red lines). Inset: Fura2 ratio measure-
ments from individual support cells at increas-
ing distances from the lesion site (arrow, stimu-
lus onset).
Data), suggesting the involvement of metabotropic P2Y ATP after incubating the cochlea for 20 min in 500 nM
thapsigargin, a blocker of SERCA-pumps whose actionreceptors acting via inositol triphosphate (IP3) produc-
tion [7]. results in the irreversible emptying of intracellular Ca2
stores. An ATP-induced Ca2 response was still ob-To confirm that IP3-sensitive intracellular stores were
required for the observed responses, we applied 50 nM served in some cells after this treatment. However, after
Figure 2. Cytosolic Ca2 Oscillations Trig-
gered by Focal Hair Cell Damage and by Ex-
ogenous Nanomolar ATP Application
(A) Laser ablation of hair cells (site indicated
by a plus symbol []) induces a rise in [Ca2]i
in neighboring support cells (see Movie 1).
Dashed lines delimit Hensen’s cells region.
(B) Damage-induced [Ca2]i oscillations in
three Hensen’s cells, indicated by boxes in (A).
(C) Dose-response curve for extracellular
ATP-induced [Ca2]i increases in Hensen’s
cells. R indicates Fura2 ratio changes from
an average value of 0.95 (estimated resting
[Ca2]i  55 nM in zero extracellular Ca2),
increasing to an asymptotic value of R 1.85
([Ca2]i 495 nM). Right inset: representative
traces at different ATP concentrations; left
inset: localized puff application of ATP (50
nM) induces [Ca2]i oscillations in support
cells from a region of a different culture equiv-
alent to dashed area in (A) (see Movie 2).
Scale bar, 20 m.
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thapsigargin, (1) the [Ca2]i changes were significantly
reduced, (2) damage-induced intercellular Ca2 waves
were not observed, and (3) Hensen’s cells did not exhibit
oscillations. The phospholipase C inhibitor U73122 also
significantly reduced both the maximal Ca2 response
and the frequency of the ATP-induced [Ca2]i oscilla-
tions (Supplemental Data). The persistence of a residual
tonic response to ATP may be a consequence of incom-
plete inhibition at the concentration/conditions used for
thapsigargin and U73122 treatments. Cochlear support
cells from the guinea pig have been shown to express
P2X [8] and P2Y [9] receptors. The present data show
that rat cochlear support cells also express P2Y re-
ceptors.
By using RT-PCR, we confirmed the expression of P2Y
receptors types 1, 2, 4, and 6 in the organ cultures (Sup-
plemental Data). Moreover, three antibodies against P2Y
receptors types 1, 2, and 4 showed positive immuno-
labeling, with differential expression within the organ. In
particular, we found that P2Y2 receptors were expressed
preferentially in the Hensen’s cell region (Figure 3A).
Thus our data, combined with the known sensitivity of
recombinant rat P2Y2 receptors to ATP (EC50 around 200
nM [10]) and the reported P2Y2-dependent intercellular
Ca2 wave speed [11], suggest that the observed [Ca2]i
signaling is mediated predominantly by activation of
P2Y2 receptors. The 10-fold higher sensitivity of the Ca2
response to ATP described here (EC50 around 20 nM)
suggests that rat cochlear support cells express either
a high density of P2Y2 receptors or an as yet uncloned
P2Y receptor sharing homology with P2Y2.
ATP levels within the endolymphatic compartment, a
specialized fluid environment bathing the apical surfaces
of the auditory sensory epithelium, are between 6 and
7 nM under resting conditions [12]. This concentration
is just at the threshold for the Ca2 responses described
here. Moreover, endolymphatic ATP levels increase to
approximately 20 nM after only a 15 min exposure to
110 dB sound pressure level [12], such as would com-
monly be heard in a discotheque or when using head-
Figure 3. Signaling Molecules Involved in Sensing Hair Cell Damagephones [13]. Whether ATP-dependent changes in intracel-
Revealed by Immunofluorescence.lular Ca2 occur in vivo as a result of noise damage
(A) Expression of P2Y2 receptors in an unlesioned organ culturerequires a more explicit and difficult test. However, we
(probed with an antibody from Alomone Labs, Jerusalem, Israel).
have mimicked this effect in culture by damaging hair Arrows, Hensen’s cell region. Arrowheads, inner hair cell stereocilia.
cells using a micropipette, by laser-ablating hair cells, (B) Labeling with a phosphospecific JNK antibody (Cell Signaling
and by direct ATP application. Our findings indicate the Technologies, Inc., Beverly, MA) 3 min after laser lesioning of hair
cells.effects of noxious sound stimuli would be detected by
(C) Control showing labeling of a lesioned culture with primary anti-cochlear support cells through a purinergic signaling
body (1) omitted. This also acts as a control for the P2Y2 antibodymechanism that promotes the insurgence of [Ca2]i os- because the same secondary antibody was used.
cillations and propagation of intercellular Ca2 waves. Short arrows in (B) and (C) indicate lesion site. Scale bar in (A), 50
Besides cell lysis, other mechanisms have been impli- m; in (B) and (C), 50 m.
cated in perylimphatic increases in ATP concentrations
including vesicular ATP release from marginal cells of
cated in acoustic trauma and hearing loss [17]. By usingthe stria vascularis [14] and Ca2-dependent ATP re-
an antibody specific for the phosphorylated form of JNKlease in the organ of Corti [15]. The latter, in particular,
(p-JNK), we tested the response of support cells in thecould be part of the regenerative mechanism underlying
organ culture to laser ablation of hair cells. We foundthe observed Ca2 waves, which we have shown here
prominent p-JNK staining in cells surrounding the lesionto require extracellular ATP and functional intracellular
site 3 min after focal hair cell ablation by three consecu-Ca2 stores. Oscillations of [Ca2]i are of great interest
tive laser pulses delivered at 10 Hz (Figure 3B). Thereas they are known to be critical for the activation of
was little or no labeling of lesioned cochlea cultures ingene expression [16]. Potential downstream effectors are
the absence of the primary antibody (Figure 3C). Thesemembers of the MAP-kinase signaling pathway. Amongst
these, c-Jun N-terminal kinase (JNK) has been impli- data indicate that there is localized and rapid activation
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14. White, P.N., Thorne, P.R., Housley, G.D., Mockett, B., Billett,of this pathway as a result of sensory hair cell damage.
T.E., and Burnstock, G. (1995). Quinacrine staining of marginalWhether there is a correlation between intercellular Ca2
cells in the stria vascularis of the guinea-pig cochlea: a possiblewaves and the amount of p-JNK and, moreover, whether
source of extracellular ATP? Hear. Res. 90, 97–105.
the JNK phosphorylation observed here is calcium- 15. Wangemann, P. (1996). Ca2-dependent release of ATP from
dependent requires further tests. the organ of Corti measured with a luciferin-luciferase biolumi-
nescence assay. Audit. Neurosci. 2, 187–192.We know that in mammals, sensory cell loss is irre-
16. Li, W., Llopis, J., Whitney, M., Zlokarnik, G., and Tsien, R.Y.versible. Our findings draw attention to the conse-
(1998). Cell-permeant caged InsP3 ester shows that Ca2 spikequences of exposure to even modest noise or sound
frequency can optimize gene expression. Nature 392, 936–941.stimuli in our professional and leisure activities. Careful
17. Wang, J., Van De Water, T.R., Bonny, C., de Ribaupierre, F., and
dissection of the molecular components of the signaling Zine, A. (2003). A peptide inhibitor of c-Jun N-terminal kinase
pathways activated by hair cell damage, particularly the protects against both aminoglycoside and acoustic trauma-
induced auditory hair cell death and hearing loss. J. Neurosci.subtype of purinergic receptors involved, the modality
23, 8596–8607.of Ca2 wave propagation, and the critical downstream
effectors should lead to better therapeutic protection of
the inner ear from otherwise irreparable damage.
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